Abstract-A time-of-arrival (ToA)-based ranging scheme using an ultra-wideband (UWB) radio link is proposed. This ranging scheme implements a search algorithm for the detection of a direct path signal in the presence of dense multipath, utilizing generalized maximum-likelihood (GML) estimation. Models for critical parameters in the algorithm are based on statistical analysis of propagation data and the algorithm is tested on another independent set of propagation measurements. The proposed UWB ranging system uses a correlator and a parallel sampler with a high-speed measurement capability in each transceiver to accomplish two-way ranging between them in the absence of a common clock.
I. INTRODUCTION
T HE FINE time resolution of ultra-wideband (UWB) signals enables potential applications in high-resolution ranging. The novel aspect of UWB ranging is the fact that the multipath time-spread in many channels of interest is often 100 to 1000 times the inherent time resolution of the UWB signal detected in a matched-filter receiver. Detection of the direct path signal in the presence of dense multipath, which determines ranging quality, becomes a different kind of problem in this case. Multipath resolution techniques in narrowband systems have been well developed [8] , [9] . Win and Scholtz [2] introduced a maximum-likelihood (ML) detector for multipath in UWB propagation measurements and Cramer et al. [4] - [6] used the CLEAN algorithm to develop a UWB channel model involving angle-of-arrival (AoA), as well as time-of-arrival (ToA). This paper introduces a ToA measurement algorithm utilizing generalized maximum-likelihood (GML) estimation for the detection of the direct-path signal. Multipath delay and amplitude parameters appearing in this algorithm are modeled statistically from propagation data and the algorithm is tested on an independent set of propagation measurements. Probabilistic analysis of different kinds of errors using these statistical models provides a way of determining the thresholds used in the ToA algorithm, as well as estimating the algorithm's performance. We conclude by presenting the schematic design of an UWB Manuscript received December 14, 2001 . This work was supported by the Office of Naval Research under Contract N00014-00-0221.
J. ranging system with a high-speed measurement capability and a two-way ranging technique that utilizes this algorithm.
II. PROPAGATION MEASUREMENT
A set of indoor propagation measurements was conducted at the University of Southern California to test the ToA algorithm presented in the next section. Pulses with a subnanosecond width were transmitted with one microsecond spacing and measured with a digital sampling scope. The antennas were vertically polarized diamond dipoles [10] , approximately 5 ft above the floor. The sampling rate of the measured signal is 20.5 GHz. Sampled waveforms were averaged over 512 sweeps to acquire a higher signal-to-noise ratio (SNR). Fig. 1 is the floor plan of the building where the measurements were taken. Signals were measured at 18 different locations while the transmitter was fixed in the laboratory. At location 1, the signal was measured with a visually clear line-of-sight (LoS) and used to calibrate the arrival time of the direct path signal. The other 17 signals were measured with a blocked LoS. At locations 16-18, the LoS path was blocked by an elevator (a metallic structure), so the direct path signal could not be measured while multipath could be observed. Fig. 2 shows the samples of signals taken at location 1, 4, and 14, respectively. Notice that the signals shown in the second and the third plot have stronger multipath components than the direct path signal. In these cases, if a ranging system synchronizes with the strongest signal component for the purpose of range estimation, a large-scale error will occur. The presence of reflected signals that are stronger than the direct path signal makes ranging to the full capabilities of UWB signals challenging. 
III. DETECTION OF DIRECT PATH SIGNALS
In this paper, the direct path signal is assumed to be the earliest arrival at the receiver. When the straight-line path from transmitter to receiver is in fact a viable propagation path, ToA estimation of the direct path signal is useful for ranging. As shown in the signals of Fig. 2 , the direct path signal is not always the strongest in the presence of a visual LoS blockage. The ToA algorithm in this section does not assume that the direct path always supplies the strongest response.
A. Signal Representation
When a single pulse is transmitted, the received signal is composed of direct path signal, reflected signals, noise, and interference [1] . So the received signal can be represented by (1) where . The parameters and are the arrival time and strength of the direct path signal, respectively, and and are those of the th reflected component. The waveform denotes the canonical single-path signal, used as a correlator template, with a width of seconds. The number of multipath signals is unknown a priori. The noise is assumed to be additive white Gaussian, and interference is assumed to be zero.
Let and be the arrival time and amplitude of the strongest path and assume these have been determined by correlation. Then, , a normalized and shifted version of , can be represented by (2) (3) where (4) The noise being a time-shifted version of , is a white Gaussian noise signal. The third term in (3) represents the multipath components which arrive later than the peak path. To simplify the problem, let us restrict our observation to the portion of the signal prior to and including the arrival of the strongest path by truncating . Let us define as (5) where is the number of signal components that arrived earlier than the peak component. If is equal to zero, then , , and the second term in (5) is ignored. The noise is white Gaussian noise [truncated to the interval ], whose correlation function is represented by (6) Assuming is sampled, let us represent it as a vector of samples, namely (7) where represents the vector of samples of with a same length as . The noise vector is a white Gaussian vector whose correlation matrix is given by (8) being an identity matrix.
B. ToA Measurement Algorithm Using GML Estimation
In (7), is the parameter to be estimated and , , , and are nuisance parameters, where and are defined as
GML estimation treats all of these unknown parameters as deterministic and estimates to be (11) Because is a white Gaussian vector, this is equivalent to (12) Using (12) to estimate is computation intensive because unknown parameters are involved. To reduce computational complexity, an iterative nonlinear programming technique is employed, by which the unknown parameters are estimated in a sequential manner [2] . Specifically, the arrival time of each component signal is estimated individually while all other parameters are fixed.
Modification of the estimation criterion shown in (12) is done as follows. First, the duration of the search region for the time of arrival of the direct path signal is limited to prevent the probability of a false detection in the noise only portion of the observed signal from becoming too large. We define as a limiting threshold on so that the direct path signal is searched over the portion of satisfying . Second, a stopping rule is used to terminate the search, because the value of the norm in (12) generally continues to decrease with increasing . The stopping rule consists of applying a threshold on the relative path strength which is defined as (13) The iterative search process stops when no more paths satisfying are detected in the search region, where is the threshold of . Third, we skip the estimation of some nuisance parameters by ignoring the multipath components that arrive later than already detected paths. By doing this, we can speed up the search process. Following is a brief description of the ToA algorithm.
1) Let , , and . 2) Increase by 1. 3) Find which satisfies (14) 4) Find such that
, go to step 2. Otherwise, proceed to the next step. 6) is estimated as .
IV. STATISTICAL MODELING OF RANGING PARAMETERS
The thresholds and , which are used in the ToA algorithm have to be determined so that they satisfy a given performance criteria. One of the potential criteria is that the probability of error is minimized. For the purpose of error analysis, the parameters and which were defined in Section III-A were modeled statistically.
A set of propagation data taken by Win [3] in an office building was used for this modeling. The values of s and s of 622 signals which were measured with a blocked LoS were extracted using the ToA algorithm. The values of and used in this process were 70 ns and 0.2, respectively. Some large scale errors relative to the approximately known distance information were corrected by manually adjusting the thresholds. In 95 of 622 observed signals, the direct path signal was the strongest. So if we define as the probability that is equal to zero, it can be modeled by Independence between and was tested using a chi-squared test. Chi-squared test uses the contingency data set of categorical variables [13] , [14] . Fig. 4 is the normalized histogram of and . Pearson's statistic with 100 degrees of freedom, which was evaluated with the data set, is 117.2. According to the distribution table, the critical value corresponding to a 10% significance level and 100 degrees of freedom is 118.5, which is greater than the value evaluated with data. So we can accept the hypothesis of independence between and with a 10% significance level. Based on this result, the joint density of and can be modeled by (19) where and .
V. ERROR ANALYSIS
Range estimation error can result from two major sources. One is ToA estimation error, and the other is any unknown propagation delay in a LoS blockage structure, which is difficult to estimate without a more thorough knowledge of the blockage. In this section, errors in ToA estimation of the direct path signal are analyzed probabilistically.
We can classify ToA errors into two categories. One is early false alarms which occur when a false detection in the noise-only portion of the signal is regarded as that of direct path signal. The other is a missed direct-path error, which occurs when the actual direct path signal is missed and a multipath signal is falsely declared to be direct path signal.
A. Probability of an Early False Alarm
An early false alarm probability can be expressed as and (20) where (21) Let us define the peak SNR as the ratio of the peak signal power to the noise power. This can be expressed as SNR (22) because the signal was normalized to its peak strength. Substituting (22) 
Substituting (24) and (25) into (23) Pr Pr (26) Pr can be modeled as a high level crossing probability of a random process at a level in a given time period . This probability can be approximated by [11] Pr (27) where represents the time between a down-crossing and the next adjacent up-crossing at a given level . The expected value of was simulated using a computer generated white Gaussian vector. The value of for a given was observed over 100 occurrences and averaged. By curve-fitting on the simulation result, can be modeled by (28) where and . Substituting (28) into (27) (29)
Substituting (17) and (29) into (26), we get (30) Fig. 5 . Early false alarm probability versus probability of a missed direct path for different peak SNRs. = 100 ns and was varied. At the circular mark on each curve, probability of error is minimized.
Substituting (24) into (30) (31)
B. Probability of a Missed-Direct-Path Error
The probability of a missed-direct-path error can be evaluated by computing was fixed at 100 ns and these two error probabilities were calculated for various . The circular mark on each curve represents the points where the sum of the two error probabilities is minimized.
VI. TEST ON MEASURED DATA Fig. 6 shows of test results of the ToA algorithm on the signals measured at location 9 and 13. In each example, the upper plot is the measured waveform and the lower one shows the reconstructed signal with the paths detected in the ToA algorithm. The value of was determined so that the total probability of error ( ) is minimized while was fixed. The vertical line appearing in each plot indicates the expected arrival time of the direct-path signal in the presence of a clear LoS path, based on physical range measurements. We can observe a few nanoseconds of discrepancy between this line and signal frontend in both examples. This probably is caused by excessive propagation delay in the LoS blockage. This unknown delay makes it difficult to measure the true arrival time of direct path. Fig. 7 shows the range estimation errors incurred in this test at the locations marked in Fig. 1 . Notice that larger errors occurred at long ranges, probably because the structure of LoS blockage was more complex at these locations.
VII. DESIGN OF UWB RANGING SYSTEM

A. System Description
Withington et al. [7] introduced an UWB scanning receiver system which, using two correlators, has the capability of communication and channel pulse response measurement. The block diagram of an UWB ranging system using a correlator and a parallel sampler is shown in Fig. 8 . When the signal is received, the correlator synchronizes with the signal, being the timetracking point in the th time frame. Once the correlator is locked, the parallel sampler starts sampling the incoming signal under the time control of a trigger signal. The trigger time in the th time frame is controlled relative to the tracking time . This parallel sampler is composed of a bank of individual samplers and analog-to-digital converters (ADC). Each individual sampler takes samples per time frame at a sampling rate of Hz. The offset in the sampling times of two adjacent individual samplers is , which satisfies (34) Total samples are taken in each time frame by this parallel sampler and the overall sampling frequency is Hz. To acquire an acceptable SNR, each sample is integrated over several time frames. By changing the sampler's trigger time relative to the time-tracking point, the sampling frequency of the measured signal can be increased.
B. Two-Way Ranging Scheme
A UWB ranging system estimates the range by measuring signal round-trip time without a common timing reference. This ranging scheme uses a two-way remote synchronization technique [12] employed in satellite systems. Fig. 9 is the timing diagram of this approach. A pair of UWB radios are time multiplexed with a period of . Each radio switches between a transmission mode and a reception mode every s. Radio 1 transmits signal 1, which is a train of pulses without modulation. It is received by radio 2 and signal 1′ denotes the captured signal. The time-multiplex period is assumed to be large enough relative to the temporal profile of the received signal so that it does not affect the next transmission. The delay between transmission and reception of this signal is , where is the propagation time, and represents the time offset between the locked path and the direct path. With a known delay of from the front end of signal 1′, radio 2 transmits signal 2 and it is captured by radio 1. Signal 2′ denotes the captured signal by radio 1. Similarly, a delay of exists in this direction. The structures of signal 2 and signal 2′ are similar to those of signal 1 and signal 1′, respectively. Radio 1 can measure the signal round-trip time, , which is
Then, the signal propagation time can be approximated by (36) Radio 2 informs radio 1 of afterwards with a few bits of information so that radio 1 can evaluate the signal propagation time. If the SNR of the measured signal is not large enough, the two radios increase the signal measurement time to acquire an acceptable SNR.
VIII. CONCLUSION
According to tests on the propagation data, there exists excessive propagation delay in the LoS blockage material which is considerable when the structure of this blockage is complex. This excessive propagation delay is a limiting factor in UWB ranging performance through materials.
